Abstract. Pelvic organ prolapse (POP), is a common condition in parous women. Synthetic mesh was once considered to be the standard of care; however, the use of synthetic mesh is limited by severe complications, thus creating a need for novel approaches. The application of cell-based therapy with stem cells may be an ideal alternative, and specifically for vaginal prolapse. Abnormalities in vaginal smooth muscle (SM) play a role in the pathogenesis of POP, indicating that smooth muscle cells (SMCs) may be a potential therapeutic target. Endometrial regenerative cells (ERCs) are an easily accessible, readily available source of adult stem cells. In the present study, ERCs were obtained from human menstrual blood, and phase contrast microscopy and flow cytometry were performed to characterize the morphology and phenotype of the ERCs. SMC differentiation was induced by a transforming growth factor β1-based medium, and the induction conditions were optimized. We defined the SMC characteristics of the induced cells with regard to morphology and marker expression using transmission electron microscopy, western blot analysis, immunocytofluorescence and RT-PCR. Examining the expression of the components of the Smad pathway and phosphorylated Smad2 and Smad3 by western blot analysis, RT-PCR and quantitative PCR demonstrated that the 'TGFBR2/ALK5/Smad2 and Smad3' pathway is involved, and both Smad2 and Smad3 participated in SMC differentiation. Taken together, these findings indicate that ERCs may be a promising cell source for cellular therapy aimed at modulating SM function in the vagina wall and pelvic floor in order to treat POP.
Introduction
Pelvic organ prolapse (POP) is a highly prevalent health condition for women in the reproductive and menopausal years. The lifetime risk of any primary surgery for POP is 12.6% (1) . POP occurs as a result of the loss of the normal support and suspension normally provided by the ligaments, endopelvic fascia and levator ani muscle which leads to the descent of one or more of the following: the anterior or posterior vaginal wall, the vaginal apex or the uterus (2) . Anterior vaginal wall prolapse (cystocele), with an overall prevalence of 33.8%, is the most common form of POP (3) . Current treatment options for POP, and specifically for vaginal wall prolapse, include pelvic floor muscle training, the use of pessaries, and surgery including native tissue repair and those with mesh. To achieve improved anatomical outcomes and overcome the high failure rate following conventional repair, synthetic mesh has been used since the late 1990s (4, 5) . However, severe complications were increasingly reported (6, 7) , prompting the FDA to issue two public health notices warning against mesh use (7, 8) . Cell-based therapy, using stem cells for the regeneration of human tissue to restore or establish normal function, offers a novel approach (9, 10) .
Smooth muscle (SM) is an integral part of the vaginal wall and endopelvic structures that support the pelvic viscera; a deficiency of vaginal SM will lead to inability to maintain the structural and functional integrity of vaginal support and consequently pelvic floor support (11) . Studies have documented decreases in the fractional area as well as structural and biochemical abnormalities in the vaginal SM of patients with POP (12, 13) . In addition, alterations in the vaginal SM contractile and regulatory proteins have been reported (14, 15) . Therefore, SM may be a target for cellular therapy. The repair of impaired smooth muscle cells (SMCs) may promote muscle regeneration in the vaginal wall and endopelvic structures, thereby improving POP such that there is no need for further surgery (10) .
In vitro differentiation of endometrial regenerative cells into smooth muscle cells: Α potential approach for the management of pelvic organ prolapse
Stem cells termed endometrial regenerative cells (ERCs) refer to a population of mesenchymal-like stem cells isolated from human menstrual blood. Preclinical and clinical trials have demonstrated the therapeutic potency of ERCs for a range of clinical applications (16) (17) (18) (19) . The collection of ERCs utilizes body waste, and thus, they are easy to obtain with minimal inconvenience. ERCs are readily expandable in culture and lack immunogenicity (17) . They possess in vitro pluripotency; cultured under the appropriate conditions, they may differentiate into nine different cell lineages from three germ layers (20, 21) . The myogenic differentiation of ERCs was demonstrated by coculture with rat cardiomyocytes (22) ; however, the direct differentiation of ERCs into SMCs has not yet been reported, to the best of our knowledge. In the present study, we examined the role of transforming growth factor β1 (TGF-β1) in inducing the differentiation of human ERCs into SMCs as well as the possible signaling pathways involved, to suggest a potential cell-based approach for the management of POP.
Materials and methods
Cell isolation and culture. The research proposal for human menstrual blood collection was approved by the Ethics Committee of Harbin Medical University, and informed written consent was obtained from each patient. The investigations were conducted according to the principles expressed in the Declaration of Helsinki. Thirty females aged 20-30 were enrolled. The collection of 5 ml menstrual blood was performed during the first few days of the menstrual cycle with a urine cup, and then transferred into a 'collection tube' containing 0.1 ml amphotericin B, 0.1 ml penicillin/streptomycin (P/S) and 0.1 ml EDTA-Na 2 (all from Sigma-Aldrich, St. Louis, MO, USA) in 5 ml phosphate-buffered saline (PBS). Mononuclear cells were isolated by Ficoll-Paque (Sigma-Aldrich) density gradient centrifugation according to the manufacturer's instructions. The cells were subsequently cultured in a T-25 flask containing Dulbecco's modified Eagle's medium/F-12 (DMEM/F-12; Invitrogen, Carlsbad, CA, USA) supplemented with 1% P/S, 1% amphotericin B and 1% glutamine (Sigma-Aldrich), and 10% fetal bovine serum (FBS; Invitrogen) (complete DMEM, cDMEM). The medium was replaced the next day. Once the cells reached 80-90% confluence, the adherent cells were detached with trypsin (Sigma-Aldrich); and subcultured at a denisty of 1.5x10 5 cells in a T25 flask. The cells were passaged twice a week. The morphology of the cultured cells was examined under a phase contrast microscope (AX 70; Olympus, Tokyo, Japan).
Flow cytometric analysis. The ERCs were stained and labeled with the following specific anti-human antibodies: CD73-fluorescein isothiocyanate (FITC; 344016), CD90-FITC (328108), CD34-FITC (343604), CD45-FITC (368508), CD146-phycoerythrin (PE; 361006) and STRO-1-PE (340106) (BioLegend, San Diego, CA, USA), and detected by flow cytometric analysis. Briefly, the cells were trypsinized and 1.0x10 6 cells were washed and re-suspended in ice-chilled PBS containing 1% bovine serum albumin (BSA; Invitrogen). Fluorochrome-conjugated antibodies were added at concentrations recommended by the respective manufacturer, and incubated for 30 min in the dark. The cells were then washed twice in staining buffer, and analyzed under a flow cytometer (LSRFortessa; BD Biosciences, Franklin Lakes, NJ, USA).
SM cell differentiation.
To induce SMC differentiation, ERCs were seeded in 6-well tissue culture plates at a density of 4x10 4 cells/well in serum-free medium until they reached 30-40% confluence. The cells were then cultured with the 'SM inducing medium' which contained cDMEM supplemented with TGF-β1 (Sigma-Aldrich) at different concentrations (0.1, 0.5, 1 and 5 ng/ml) for different periods of time. The medium was replaced every three days.
Transmission electron microscopy (TEM). The ERCs were centrifuged at 2,000 x g for 5 min and the pellets were fixed with 2.5% glutaraldehyde (Sigma-Aldrich) in PBS buffer (pH 7.2) at room temperature for 2 h. After several rinses with PBS, the cells were post-fixed with 1% osmium tetroxide (Sigma-Aldrich) for 1 h at 4˚C, dehydrated in a graded series of acetone, and embedded in Epon 812. Ultrathin sections were cut (50-70 nm thick), and then double-stained with uranyl acetate and lead citrate (both from Amresco, Solon, OH, USA) prior to examination under a transmission electron microscope (H-7650; Hitachi, Tokyo, Japan) operating at 80.0 kV.
Western blot analysis. The cultured ERCs were washed twice with pre-cooled PBS, followed by protein extraction using RIPA buffer. Protein concentrations were measured using a bicinchoninic acid (BCA) protein assay kit (Sigma-Aldrich). An automated capillary-based Simple Western system (Simon; ProteinSimple, Santa Clara, CA, USA), which allows more accurate and reproducible assessment of protein levels compared with the traditional system, was used in order to quantify the protein level of SMC markers and Smads, according to the manufacturer's instructions. Briefly, the cell lysate samples were mixed with Fluorescent Standard/4X Master Mix (ProteinSimple) at a ratio of 1:3, and then heated for denaturation. The samples, blocking reagent, primary antibodies, HRP-conjugated secondary antibodies, chemiluminescent substrate, and separation and stacking matrices were dispensed into a 384-well plate (ProteinSimple). After loading the plate, the separation electrophoresis and immunodetection occurred automatically. Primary antibodies for the target proteins included rabbit antihuman α-smooth muscle actin [α-SMA; actin, alpha 2, smooth muscle, aorta (ACTA2); 14395-1-AP; Proteintech, Rosemont, IL, USA], calponin 1 (CNN1; 13938-1-AP; Proteintech), Smad2 (12570-1-AP; Proteintech), Smad3 (25494-1-AP; Proteintech), phospho-Smad2 (p-Smad2; sc-135644; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and phospho-Smad3 antibodies (p-Smad3; sc-130218; Santa Cruz Biotechnology, Inc.); goat anti-rabbit IgG (A27036; Molecular Probes, Eugene, OR, USA) was used as the secondary antibody. GAPDH was used as the control. All antibodies were diluted in antibody diluent (ProteinSimple) with a 1:50 dilution. Luminol (Sigma-Aldrich) and peroxide were then added. The resulting chemiluminescent signal was captured using a charge-coupled device (CCD) camera (Simon), and the signal intensities were quantified and analyzed using Compass software (ProteinSimple).
RT-PCR and quantitative PCR (qPCR).
Total RNA from the cultured cells was extracted using a high pure RNA isolation kit (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer's instructions. One microgram of total RNA was used to make cDNA in a volume of 20 µl using the Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). The resulting cDNA was subjected to PCR analysis using a PCR system (T3000; Biometra, Göttingen, Germany), and qPCR was performed using the SYBR Premix Ex Taq II mix (Takara Biotechnology Co., Ltd., Dalian, China) in a LightCycler 480 Real-Time PCR detection system (Roche Applied Science). β-actin (ACTB) served as the internal control. The sequences of the forward and reverse primers for amplifying the SMC markers [ACTA2, CNN1 and transgelin (TAGLN)], TGF-β1 family receptors [ALK1, ALK5 and transforming growth factor, beta receptor (TGFBR)2] and Smads (Smad2 and Smad3) are presented in Table I .
Immunocytofluorescence. The cells cultured on sterile coverslips in six-well plates were fixed with 4% paraformaldehyde for 20 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS (pH 7.4) for 15 min and blocked with 3% BSA in PBS (pH 7.4) for 20 min. They were then incubated with monoclonal primary antibodies against α-SMA (mouse IgG, 1:100) and calponin (rabbit IgG, 1:100) (both from Cell Signaling Technology, Inc., Danvers, MA, USA) in 1% BSA overnight at 4˚C. Excessive antibody was removed which was followed by incubation with a secondary antibody (FITC-conjugated goat anti-mouse antibody, PE-conjugated goat anti-rabbit antibody, 1:1000; Molecular Probes) at 37˚C for 1 h in the dark. The cell nuclei were stained with 4' ,6-diamidino-2-phenylindole (DAPI; 1:500; Sigma-Aldrich). Then, the slides were washed with PBS and visualized using a fluorescence microscope (BX51; Olympus).
Statistical analysis.
All experiments were performed at least in triplicate. Data processing and statistical analysis were performed using Microsoft Excel and GraphPad Prism software. Data are presented as the means ± standard deviation (SD). Statistical analysis was performed using a Student's t-test or one-way analysis of variance followed by a Bonferroni's multiple-comparison post hoc test to determine differences between the groups. A P-value <0.05 was considered to indicate a statistically significant difference.
Results
Isolation, culture and characterization of ERCs. Single, small, compact cells were revealed 1-2 days after initial seeding; some small colony-like morphology was observed. Within an additional 3-6 days, these cells formed more large colonies, and then stretched into an outgrowth of adherent cells with a fibroblast-like short spindle-shaped morphology upon the completion of 9-12 days of culture (Fig. 1A) . Flow cytometric analysis revealed that the majority of ERCs showed strong expression levels for mesenchymal stem cell (MSC) markers CD73 (94.8%), CD90 (91.5%), and CD146 (79.3%), and were negative for the hematopoietic stem cell markers CD34 (2.02%), and CD45 (2.42%). In addition, the MSC marker STRO-1 (1.46%) was negatively expressed (Fig. 1B) .
TGF-β1 induces the differentiation of ERCs into SMCs.
To examine the TGF-β1-induced SM differentiation of ERCs and to optimize the induction conditions, the ERCs were cultured with the inducing medium and different concentrations of TGF-β1 for different periods of time. SMC-specific marker expression was evaluated by automated western blot analysis performed on Simon, a Simple Western system. Simple Western is a gel-free, blot-free, capillary-based, automated technique. This rapid procedure allows the more accurate, stable and reproducible assessment of protein levels, and greatly reduces the variability caused by the labor-intensive and time-consuming manual processes of the traditional western blot assay (23) (24) (25) (26) (27) (28) . The image generated by Simple Western analysis is quite different from the conventional one. Chemiluminescence signals were collected using a CCD camera, and the collected signal intensity was subsequently processed, converted to an electropherogram, and integrated using the Compass software included on Simon (23) . As shown in the gel-like image of Simple Western analysis (Fig. 2) , at various concentrations of TGF-β1 (0.1, 0.5, 1 and 5 ng/ml), the protein levels of α-SMA and calponin significantly increased; among the different concentrations, 1 ng/ml produced the greatest SM differentiation (P<0.05) ( Fig. 2A) . Thus, from the viewpoint of marker expression, we considered that 1 ng/ml TGF-β1 performed most efficiently. The fluorescent intensity of the SMC markers increased in a timedependent manner. As shown in Fig. 2B , three days after the addition of TGF-β1, α-SMA and calponin became detectable; they increased on the 7th day, and then remained at a relative stable level on the 9th day (the longest time we examined), suggesting that 7 days may be the most efficient duration for the induction. Therefore, we selected a TGF-β1 concentration of 1 ng/ml and an incubation period of 7 days for the subsequent experiments. As we are seeking an ideal cell source for cellular therapy, we then examined whether the induced cells display a stable phenotype after passaging. After 7 days of induction, the ERCs were passaged and cultured in TGF-β1-free cDMEM; SMC markers were then examined by western blot analysis. As shown in Fig. 2B , the cells continued to express SMC markers after one passage (the 10th day) without significant changes in the expression level (P>0.05). Taken together, these data demonstrated that TGF-β1 was necessary and sufficient for the induction of an independent and long-lasting differentiation of ERCs into the SMC phenotype, and it occurred in a dose and time-dependent manner.
Immunostaining revealed that α-SMA and calponin were positively expressed on the cells after 7 days of incubation in the presence of TGF-β1 (Fig. 3) .
To characterize the induced cells at the genetic level, we examined the expression of several common markers before and after the induction by semiquantitative RT-PCR. As seen in Fig. 4 , TGF-β1 induced the expression of ACTA2, CNN1 and SM22α (TAGLN) expression. These data further suggest that the induction of α-SMA and calponin detected by western blot analysis and immunocytofluorescence were not an isolated phenomenon, but part of the differentiation process into the SMC lineage.
Morphologically, after 7 days of treatment, the cultured cells changed from a short spindle shape to a large, spindle shape (Fig. 5A) . Ultrastructure was revealed by TEM. Prior to the induction, the ERCs contained free polyribosome, profiles of rough endoplasmic reticulum and a number of mitochondria. Following the addition of TGF-β1, the cells exhibited bundles of thin filaments including 'dense body' like structures (Fig. 5B) , which are representative of typical ultrastructural characteristics of SMCs.
Signaling pathway involved in the TGF-β1-induced differentiation of ERCs into
SMCs. TGF-β family members signal through transmembrane type I and type II serine/threonine kinase receptors (TGFBR1 and TGFBR2) and intracellular Smad transcriptional effector proteins (45) . To examine whether TGF-β signaling components are present in ERCs, the gene expression of TGFBR1/ALK1, ALK5 and TGFBR2 were examined by RT-PCR. ALK5 and TGFBR2 were positively expressed in the ERCs, and the expression level did not alter after TGF-β1 involvement (P>0.05) (Fig. 4 A  and B) . Negative expression of ALK1 (Fig. 4A ) demonstrated that the ERCs we obtained were not of endothelial origin. TGF signaling is predominantly transduced by the Smads; Smad2 and Smad3 have shown to play crucial roles in SMC differentiation. Gene expression analysis by RT-PCR and qPCR ( Fig. 4A and B) revealed that both Smad2 and Smad3 were expressed in the ERCs prior to TGF-β1 involvement, and no significant differences were revealed following the induction (P>0.05). Thus, it appears that ERCs contain all of the components necessary for transducing the TGF signal from the cell surface to the nucleus. and calponin (CNN1) were detectable following treatment with transforming growth factor β1 (TGF-β1). Among the different selected concentrations, 1 ng/ml TGF-β1 performed most efficiently in terms of SMC marker expression. (B) Following culture of the ERCs in induction medium (TGF-β1, 1 ng/ml) over different periods of time (0, 3, 7, 9 days), the SMC markers were most effectively expressed over 7 days. ERCs after the 7-day induction were passaged and cultured in TGF-β1-free cDMEM, SMC markers were positively expressed on the 10th day, without significant changes in expression level within 7 days. * P<0.05.
To determine whether TGF-β1 signals through Smad2 and Smad3 in ERCs, we performed Simple Western analysis of Smad2, Smad3, p-Smad2 and p-Smad3 (Fig. 6) . Treated with the inducing medium for various periods of time, the protein levels of Smad2 and Smad3 slightly altered; however, these differences were not statistically significant (P>0.05).
P-Smad2 and p-Smad3 were negatively expressed before TGF-β1 involvement, and they both became detectable on the third day following the addition of TGF-β1, increased on the 7th day, and levels were sustained till the 9th day. This was the same as the time course for the induction of α-SMA and calponin presented above. These data, at least in part, suggested that the TGF-β1-induced SM differentiation of ERCs was Smad dependent.
Discussion
Over the last few decades, MSCs from different origins have become an attractive cell source for regenerative medicine and tissue engineering, such as those derived from bone marrow (bmMSCs), adipose tissue, umbilical cord blood and amniotic fluid among others (29) (30) (31) (32) (33) . The potential applications of MSCs in the management of different diseases are enormous. However, the process of harvesting these cells is often an invasive procedure, which limits their application.
The endometrium -the highly regenerative lining of the uterus is an accessible source of MSCs (20, 21, (34) (35) (36) (37) . Viable MSC-like cells have been isolated non-invasively from human menstrual blood using the plastic adherence method (20) , the manner used to obtain bmMSCs, and these adherent cells were described as ERCs. Previous studies have demonstrated that ERCs fulfills all the key properties for an ideal cell source for cellular therapy (20, 38) . A comparative profiling of ERCs and bmMSCs showed similar but not identical profiles (39); ERCs proliferated faster, and an evaluation of cytokine secretion suggested that ERCs may be more suitable for different tissue engineering purposes (39) .
In the present study, ERCs were obtained from menstrual blood. Phenotypically, the ERCs shared some markers with MSCs; however, they also possessed unique features, which matched the findings of previous studies (20, 21) . The ERCs possessed the capacity to proliferate extensively and with clonogenic activity. In addition, we evaluated the proliferation ability of ERCs among different age groups (data not shown). Women aged 20-30 were enrolled in the present study, as females of this age are most active in terms of reproductive ability. To induce the differentiation of stem cells into SMCs, various protocols with different inducing factors have been suggested (40) (41) (42) (43) , and TGF-β1 is one of the factors mentioned most frequently. The TGF-β family of cytokines has been implicated in a number of cellular processes, such as proliferation, differentiation and apoptosis (44) (45) (46) . The Smad pathway is a classic route for the TGF-β-induced SMC differentiation. The procedures involved include the binding of ligands to TGFBR2 on the cell surface, the recruitment and phosphorylation of TGFBR1, and the activation of downstream signals (45-47). TGF-β signaled exclusively through the TGFBR2, and used two types of TGFBR1 -ALK5 and ALK1, and ALK1 expression was largely restricted to endothelial cells (47) . Stem cells of different origins have been shown to differentiate into SMCs in response to TGF-β1 given singly or in combination with other reagents (41, (48) (49) (50) (51) . In this study, we selected TGF-β1 as a single inducing factor. The results indicated that TGF-β1 may be a feasible and efficient reagent capable of inducing primary SMC differention of ERCs. Compared with protocols using multiple factors, TGF-β1 given singly is more easily accessible and cost-effective. Therefore, this protocol has the potential to be the primary choice for induction. The establishment of this basic protocol is fundamental to further study of the induction medium and the SMC differentiation of ERCs. Furthermore, we aimed to elucidate whether the effects of TGF-β1 occurred through this pathway in ERCs and if so, whether there were any preferences or defects on the receptors and/or downstream signals. The results indicated that ERCs possessed all the components of the Smad pathway, and TGF-β1 signaled predominantly, if not exclusively, through the 'TGFBR2/ ALK5/Smad2 and Smad3' pathway in ERCs.
A surgical approach is often indicated for the treatment of POP, particularly since the introduction of synthetic mesh. However, the use of mesh is limited by mesh-related complications including infection, pain, vaginal fibrosis and erosion (6) (7) (8) 52) . Furthermore, the long-term durability and safety of synthetic mesh remain unknown. Cell-based therapy may provide an attractive alternative alone or as an adjunct to surgical reconstructive procedures for POP (9, 10) . Stem cells have been principally applied in the development of tissue engineered repair biomaterials to treat POP, which may replace the use of synthetic mesh (53) (54) (55) . The addition of autologous stem cells has been proved to improve the biomechanical properties of scaffolds, and potentially achieve long-term mechanical integrity (53) (54) (55) (56) . Cellular therapy has also emerged as a promising approach for stress urinary incontinence (57) (58) (59) (60) . The cells have been administered intravenously or by local injection into the urethra or periurethral areas (61) (62) (63) (64) . Great interest has been Figure 6 . Simple Western analysis of the Smads and phospho-Smads (p-Smads). Treated for different culture times, the protein levels of Smad2 and Smad3 slightly altered, but no statistically significant differences was revealed (P>0.05). P-Smad2 and p-Smad3 were negatively expressed before transforming growth factor β1 (TGF-β1) involvement, and they both became detectable after the induction and changed with time.
focused on adipose-derived stem cells (54, 55, 59, 61, 62) . ERCs are a readily available source of adult stem cells. Preclinical and clinical studies of ERCs have shown promising therapeutic results in several diseases (17, 19, 65) ; however, the value of ERCs in POP has not yet been explored, to the best of our knowledge. This study demonstrated that ERCs were induced to differentiate into SMCs with TGF-β1. By repairing the impaired SMCs in the vaginal wall and endopelvic structures, ERCs are promising candidates for improving the treatment of patients with POP. The approaches used with stem cells of other origins may be applied to ERCs.
There are limitations to the autologous treatment of POP using ERCs. Vaginal contact may increase the risk of ERC infections; however, following treatment with antibiotics and antimycotics, no associated infections were revealed. A certain portion of patients with POP are older adults with no further possibility of collecting ERCs. However, if ERCs are proved to be of high therapeutic value, we may collect ERCs from patients of a younger age for storage in case of future need.
In conclusion, TGF-β1 is highly efficient at inducing SMC differentiation of ERCs in vitro, and the 'TGFBR2/ALK5/Smad2 and Smad3' pathway is involved. ERCs are a potentially promising cell source for cell-based therapeutic strategies to treat POP. Preliminary establishment of the induction protocol is of great value for the functional assessment of the induced SMCs in vitro and in vivo. It is also a helpful tool for elucidating the role of SMCs in the pathogenesis of POP.
